Aims/hypothesis Assessment of urinary extracellular vesicles including exosomes and microparticles (MPs) is an emerging approach for non-invasive detection of renal injury. We have previously reported that podocyte-derived MPs are increased in diabetic mice in advance of albuminuria. Here, we hypothesised that type 1 diabetes and acute hyperglycaemia would increase urinary podocyte MP levels in uncomplicated diabetes. Methods In this post hoc exploratory analysis, we examined archived urine samples from normoalbuminuric patients with uncomplicated type 1 diabetes studied under clamped euglycaemia and hyperglycaemia and compared with healthy controls. Urinary vesicles were assessed by electron microscopy and nanoparticle tracking while podocyte MPs were assessed by flow cytometry.
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environment [1] . While nomenclature can be inconsistent, extracellular vesicles may be broadly sub-classified by size and mechanism of formation into exosomes, apoptotic bodies, and microparticles (MPs, also known as microvesicles) [1] . MPs (0.1-1.0 μm) are characteristically formed through the outward blebbing of the plasma membrane following cell injury [1] . Because of the nature of their formation and the retention of phenotypic properties of the cells from which they originate, MPs are emerging biomarkers in vascular and renal disease [1, 2] . In this regard, we recently reported that podocytederived MPs are increased in urine from diabetic mice in advance of albuminuria, suggesting that their enumeration may be useful in the identification of early podocyte injury in diabetes [2] . The purpose of the present study was to assess changes in urinary extracellular vesicles in patients with uncomplicated type 1 diabetes under clamped euglycaemia and hyperglycaemia compared with healthy controls under normoglycaemic conditions.
Methods
We conducted a post hoc exploratory analysis to assess urinary podocyte MPs in archived urine samples obtained from patients with uncomplicated type 1 diabetes compared with healthy controls. Healthy controls were studied during normoglycaemia and individuals with type 1 diabetes were studied under clamped euglycaemia (4-6 mmol/l) and hyperglycaemia (9-11 mmol/l). We performed a comprehensive characterisation of urinary vesicles using nanoparticle tracking analysis (NTA), transmission electron microscopy (TEM) and flow cytometry. Vesicle size and quantity were assessed and the utility of enumeration of urinary podocyte MPs was compared with existing surrogates of podocyte injury (nephrinuria, albuminuria). Studies were carried out in accordance with the Declaration of Helsinki, all study participants gave their informed consent and the study was approved by the University Health Network research ethics board.
For more detailed methods, please refer to the electronic supplementary material (ESM).
Results
Both healthy controls and participants with type 1 diabetes were young, normotensive and normoalbuminuric (Table 1) . Baseline variables were similar between both groups, although heart rate was higher in the cohort with type 1 diabetes (Table 1) . Study participants could not be taking antihypertensive or lipid-lowering agents. All patients were using an insulin pump or a multiple insulin dose regimen at the time of the screening visit. As expected, patients with type 1 diabetes exhibited higher GFR and HbA 1c . Out of the 25 participants with type 1 diabetes, 14 exhibited normofiltration (56%) and 11 hyperfiltration (44%), where hyperfiltration was defined as GFR ≥ 135 ml min
. Figure 1a shows the morphology of vesicles obtained following ultracentrifugation of pooled human urine. TEM revealed a heterogeneous mixture of structurally intact vesicles including exosomes (identified as 40-100 nm vesicles with cup-shaped morphology) and MPs (100-1000 nm vesicles with intact membrane). Rarely, apoptotic bodies (>1000 nm vesicles) were also seen. To further assess extracellular vesicle size and quantity, NTA was performed on cell-free urine. A size range from ∼30-1000 nm was observed by NTA. There were no differences in vesicle size or total vesicle concentration among the groups studied (not shown).
We subsequently assessed levels of podocyte-derived MPs in human healthy controls and type 1 diabetes samples using flow cytometry. Podocyte-derived MPs were identified by positive staining for both annexin V and podoplanin, with a size between ∼180 nm (lower limit of detection) and ∼1000 nm. Using this approach the intra-assay variability was 6.6% and the inter-assay variability was 11.3%. While the majority of healthy controls showed little to no detectable urinary podocyte MPs, levels of urinary podocyte MPs in type 1 diabetes were higher compared with healthy controls (Fig. 1b) . In addition, levels of urinary podocyte MPs were increased in a subset of individuals during clamped hyperglycaemia compared with clamped euglycaemia (Fig. 1c) . Nine participants had no detectable podocyte MP excretion at euglycaemia. Of these individuals, 1/9 showed an increase in urinary podocyte MPs under hyperglycaemia while 8/9 showed no induction. There were no differences in podocyte MPs between patients with hyperfiltration and those with normofiltration (p = 0.375) and there were no correlations observed between podocyte MP levels and urinary albumin/ creatinine ratio (p = 0.18), inulin-clearance-based GFR (p = 0.90), systolic BP (SBP; p = 0.16), diastolic BP (DBP; p = 0.11), heart rate (p = 0.44) or diabetes duration (p = 0.45). Nephrin release into the urine has also been proposed as a biomarker of podocyte injury in diabetes [3] . We therefore examined urinary nephrin levels by ELISA. As shown in Fig. 1d , e, there were no differences in urinary nephrin levels between healthy controls and type 1 diabetes and no differences between clamped hyperglycaemia and clamped euglycaemia. Urinary nephrin levels showed no correlation with urinary podocyte MPs (p = 0.29).
Discussion
A growing body of evidence shows that cells ubiquitously release a diverse range of membrane vesicles of endosomal or plasma membrane origin [1] . Once released, these vesicles may be found in a host of biological fluids including plasma, cerebrospinal fluid, saliva, ascites fluid and urine [4] . Consistent with this, our TEM data of pooled urine samples revealed a heterogeneous mixture of exosomes, MPs and apoptotic bodies. While exosomes and MPs were commonly seen on micrographs, the occurrence of apoptotic bodies was rare.
Urinary extracellular vesicles may also reflect renal injury. For example, vesicles have been identified in the urine of patients with membranous nephropathy and focal segmental glomerular sclerosis by electron microscopy and aquaporin-2, neprisylin and podocalyxin were noted as vesicle-associated proteins [5] . More recently, alterations in subpopulations of urinary vesicles have been associated with structural changes in living donor kidneys [6] . With respect to diabetic nephropathy, microRNA (miR)-130a and miR-145 are increased and miR-155 and miR-424 are decreased in urinary exosomes from patients with microalbuminuria [7] . Levels of Wilm's tumour 1 are also altered in urinary exosomes in diabetic nephropathy and may be reflective of underlying injury [8] . Despite these advances, the majority of the above alterations were seen alongside overt renal injury (i.e. proteinuria or GFR decline). Urinary podocyte MPs are attractive surrogates of podocyte/glomerular injury for several reasons. First, MPs are formed under conditions of even mild cell stress thus offering direct insight into the earliest stages of injury. Second, podocyte MPs arise directly from podocytes which are among the earliest cellular targets in diabetes and are critical to the development of albuminuria. Third, quantification of MPs is achieved through a simple flow-cytometry-based approach without extensive proteomic or genomic testing. In the present study we measured levels of podocyte-derived MPs in urines of young adults with uncomplicated type 1 diabetes. Despite no evidence of renal injury, higher levels of urinary podocyte MPs were observed in this normo-albuminuric, normotensive cohort. These results support our previous work which found increased urinary podocyte MPs in diabetic mice and, to the best of our knowledge, represents the first evidence that levels of urinary podocyte MPs are higher in human diabetes.
This study has some limitations that should be considered when interpreting its findings. As this was the first examination of podocyte MPs in human diabetes we were unable to * p < 0.05 vs HC, n = 18-25. HC, healthy controls; T1D, participants with type 1 diabetes; T1D-Eu, T1D during clamped euglycaemia; T1D-Hy, T1D during clamped hyperglycaemia perform sample size calculations a priori. In addition, the impact of hyperglycaemia was only assessed in type 1 diabetes, not in healthy controls and only in a subset of individuals. Accordingly, it is unclear whether acute hyperglycaemia increases podocyte MP release under all conditions or if this effect is restricted to type 1 diabetes. Our previous work also showed that high glucose increases podocyte MP formation in vitro [2] . Consistent with this, podocyte MP levels were increased in type 1 diabetes under a 6 h hyperglycaemic clamp when compared with a euglycaemic clamp. In addition, as our study cohort consisted of individuals with type 1 diabetes without renal injury, the prognostic value of high urinary podocyte MPs is unclear at this time. It must be acknowledged that within the present study there was no relationship seen between podocyte MPs and measures of renal function (GFR). It is possible that the lack of a relationship simply reflects the early nature of disease in the samples analysed and that podocyte MP formation precedes increases in albuminuria and GFR decline; however, this remains to be tested. It is interesting to note that increases in podocyte MPs were seen in only approximately 30% of all samples analysed, as around one-third of all patients with diabetes will develop diabetic kidney disease [9] . Future studies should focus on the assessment of urinary podocyte MPs at all stages of diabetic kidney disease with the aim of establishing a temporal relationship between increases in urinary podocyte MP levels and the development of diabetic kidney disease. Such assessment between urinary podocyte MP levels and diabetic kidney disease should seek to determine whether higher levels are most associated with the development of albuminuria or with the initiation of decline in GFR.
In conclusion, this study has demonstrated for the first time that uncomplicated type 1 diabetes is associated with significantly higher urinary podocyte MP levels. Higher levels of podocyte MPs were seen in advance of other measures of glomerular injury (albuminuria, nephrinuria) and were independent of any changes in total urinary vesicles. Our studies set the stage for further, large-scale analysis of podocyte MPs as markers of early diabetic kidney injury.
